The effects of iron additions on the structure of (Cu0.47Ti0.34Zr0.11Ni0.08)100−xFex (x = 0, 1.5, 3, 6) glass forming system are presented. The alloys were synthesized by arc melting of high purity elements and melt spun to form rapidly quenched ribbons. X-ray diffraction studies showed the amorphous structure of the base and Fe-containing alloys, confirmed by the presence of exothermic peaks on differential scanning calorimetry curves. Bulk samples in the form of rods (Φ3 × 55 mm) were cast using a suction casting unit attached to the arc melter. Structural investigations revealed partial crystallization of the base Cu47Ti34Zr11Ni8 alloy. Iron additions significantly decreased the glass forming ability of the alloy, leading to primary crystallization of dendrites.
Introduction
Metallic glasses exhibit superior physical and mechanical properties compared to their crystalline counterparts. These materials have attracted a worldwide attention over the past decades, leading to a significant increase of a critical casting size from a micrometre to a centimetre level [1] . In order to increase the glass forming ability (GFA) of an alloy, its composition must satisfy the three empirical rules given by Inoue: (1) at least three alloying elements, (2) large mismatch in atomic sizes, and (3) large negative heat of mixing among constituent elements [2] . Bulk metallic glasses (BMGs) with each size of minimum 1 mm have been synthesised in many ferrous and non-ferrous systems which satisfy the above mentioned rules [1, [3] [4] [5] [6] . Among BMGs, Cu-based systems are very attractive for engineering applications due to a high glass forming ability and a high strength at a relatively low cost of constituent elements compared to other glass forming systems [7] [8] [9] .
A main drawback of monolithic BMGs, including Cubased systems, is a lack of global plasticity, which limits their potential applications. It is expected that amorphous-crystalline composites, consisting of a ductile crystalline phase embedded in an amorphous matrix, should exhibit increased ductility. Such composites can be obtained by in situ formation of a crystalline phase during cooling of the melt. One approach is to use a liquid phase separation phenomenon existing in alloys * corresponding author; e-mail: tkoziel@agh.edu.pl containing at least one pair of elements that exhibit a positive heat of mixing. By proper alloying, it is possible to increase the glass forming abilities of both melts, and a two-phase metallic glass can be formed upon cooling [10] [11] [12] . If a GFA of one melt will be not sufficient, amorphous-crystalline composites, containing sphericalshape crystalline precipitates embedded in an amorphous matrix, can be obtained [13] [14] [15] [16] . However, a thermodynamic condition for liquid phase separation is in contrast with Inoue's empirical rule, which in turn significantly decreases the overall GFA of alloy. Thus formation of twophase metallic glasses or amorphous-crystalline composites in liquid immiscible systems requires using casting methods with very high cooling rates (i.e. melt spinning, splat quenching).
This work shows the effect of an iron addition on the structure and properties of the Cu-Ti-Zr-Ni glass forming system. The base (Fe-free) system generally satisfies Inoue's empirical rules (except the Cu-Ni pair exhibiting positive heat of mixing). On the other hand, Fe exhibits positive heat of mixing with Cu (+13 kJ/mol) [17] . Two casting methods with different cooling rates, melt spinning and suction casting, were used in order to investigate an iron addition to the Cu-base glass forming system.
Experimental details
Alloy specimens of nominal composition (Cu 0.47 Ti 0.34 Zr 0.11 Ni 0.08 ) 100−x Fe x (x = 0, 1.5, 3, 6) were synthesised by arc melting of elements (purity ≥99.9%) in a Ti-gettered argon atmosphere. Before melting, the chamber was first evacuated to < 5 × 10 −2 mbar, backfilled with high purity (6N) argon and re-evacuated.
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The backfill-evacuation cycle was performed three times to minimize the oxygen level in the chamber. After the third evacuation, the chamber was evacuated to < 5 × 10 −5 mbar by using a turbomolecular pump. Pieces of elemental components (total mass 6 g) were arc melted at a partial pressure of Ar and solidified on a water-cooled Cu hearth. Each sample was melted four times to ensure its homogenisation.
Rapidly solidified alloys were prepared by the melt spinning technique (Edmund Bühler melt spinner HV) at a linear wheel speed of 35 m/s and a protective gas (argon) over-pressure of 20 kPa. Bulk cylindrical samples, with diameters of 3 mm and lengths of 55 mm, were prepared using a special water-cooled suction casting unit. A minimum axial cooling rate was estimated to be about 200 K/s [18] .
Melt-spun ribbons and suction-cast rods were submitted to X-ray diffraction (XRD) studies using a Cu K α radiation (Siemens D500). In the case of rods, the analysis was performed on the ground cross-sections of rods. Differential scanning calorimetry (DSC) at a constant heating rate of 20 K/min was used to study the crystallization behaviour (TA Instruments Q600). Microstructural observations of bulk samples were carried out on polished cross-sections of rods (final polishing with colloidal silica suspension) using optical microscopy and scanning electron microscopy (FEI Nova NanoSEM 450).
Results and discussion
XRD patterns of the melt-spun and suction-cast (Cu 0.47 Ti 0.34 Zr 0.11 Ni 0.08 ) 100−x Fe x (x = 0, 1.5, 3, 6) alloys are shown in Fig. 1 . In the case of the rapidly cooled melt-spun ribbons (Fig. 1a) , only broad diffraction maxima, without any detectable Bragg peaks, were recorded for all compositions. Similar halo, indicating amorphous structure of the alloy, was observed for the bulk suctioncast base (iron free) alloy (Fig. 1b) . On the other hand, crystalline phases were detected in the case of alloy rods doped with Fe (x = 1.5, 3, 6). For the lowest Fe content, only two cubic phases, Cu0.8Fe0.2Ti and CuNiTi2, were identified, indicating a possible fraction of an amorphous phase. Two additional phases, hexagonal Cu51Zr14 and tetragonal CuTi, were identified in alloys with Fe contents x = 3% and 6%. Figure 2 shows DSC curves of the melt-spun (Fig. 2a ) and suction-cast (Fig. 2b) alloys, recorded at a constant heating rate of 20 K/min. Multiple-stage crystallization was noticed for the base composition (x = 0) alloy. Moreover, despite similar onset crystallization temperatures of the first peaks (449-450
• C), a higher glass transition temperature was noticed for the suction-cast rod. On the other hand, the crystallization behaviour significantly changed with Fe presence. Increase of Fe content in the melt-spun ribbons, not only shifted onset crystallization temperatures to higher values, but also decreased total enthalpies of crystallization (Fig. 2a) . More pronounced effect of Fe on the glass-forming ability was noticed for bulk samples. No glass transition temperature could be detected on the DSC curve for the alloy containing only 1.5% Fe (Fig. 2b) .
Microstructures of the as-cast rods are presented in Figs. 3 and 4 . Low magnification observations enabled us to reveal partial crystallization of the base alloy (Fig. 3a) and traces of the amorphous phase in the alloy doped with x =1.5%Fe (Fig. 3b) . Presence of amorphous phase in the alloy containing 1.5%Fe was confirmed by small exothermic effect on the DSC curve (Fig. 2b) . No evidence of amorphous phase was noticed in the case of alloys containing x = 3 and 6%Fe, but typical casting defects could be observed (Fig. 3c,d ). More detailed microstructural observations of the alloy containing 6%Fe (Fig. 4) showed well-developed dendrites enriched with Ti, Fe, and Ni. The chemical composition of the interdendritic regions, which are enriched with Cu and Zr, corresponds to the Cu51Zr14 phase.
The addition of Fe to the Cu-based system shifted chemical composition out of the glass-forming range and brought about dendritic solidification of alloys. Despite positive heat of mixing between Cu and Fe, no evidence of liquid phase separation was noticed, even for a highest Fe content.
Conclusions
Based on the presented results the following conclusions can be drawn:
1. Rapid quenching (melt spinning process) of the (Cu 0.47 Ti 0.34 Zr 0.11 Ni 0.08 ) 100−x Fe x alloys produced an amorphous structure of the base (x = 0) and Fe-doped (x = 3 and 6) alloys.
2. XRD studies showed a fully amorphous structure of the base suction-cast alloy, but microstructural observations revealed its partial crystallization.
3. Doping with Fe significantly deteriorated the glass forming ability of this alloy, leading to dendritic crystallization during the suction casting process.
4. No evidence of liquid phase separation was noticed.
